Chemotactic responses in Escherichia coli are typically mediated by transmembrane receptors that monitor chemoeffector levels with periplasmic binding domains and communicate with the flagellar motors through two cytoplasmic proteins, CheA and CheY. CheA autophosphorylates and then donates its phosphate to CheY, which in turn controls flagellar rotation. E. coli also exhibits chemotactic responses to substrates that are transported by the phosphoenolpyruvate (PEP)-dependent carbohydrate phosphotransferase system (PTS). Unlike conventional chemoreception, PTS substrates are sensed during their uptake and concomitant phosphorylation by the cell. The phosphoryl groups are transferred from PEP to the carbohydrates through two common intermediates, enzyme I (El) and phosphohistidine carrier protein (HPr), and then to sugar-specific enzymes II. We found that in mutant strains HPr-like (4) and somehow sensed as chemoeffectors during the uptake process (5, 6). PTSs consist of membraneassociated substrate-specific enzymes II (EIIs) and a common cytoplasmic phosphodonor relay (Fig. 1) . EIls are phosphorylated at the expense of PEP through enzyme I (El), a histidine kinase, and a phosphohistidine carrier protein (HPr). During transport of PTS carbohydrates, phosphate groups are transferred through El and HPr to the appropriate ElI and finally to the substrate molecule as it enters the cell (for review, see ref. 7). This phospho-relay activity generates a signal that suppresses clockwise flagellar rotation, thereby extending swimming runs that carry the organism toward higher substrate concentrations (8).
Escherichia coli and other motile bacteria perceive many carbohydrates as chemoattractants. Some, such as maltose, galactose, and ribose, are sensed by transmembrane receptors known as methyl-accepting chemotaxis proteins (MCPs) (for review, see refs. 1 and 2). MCP molecules do not transport carbohydrates into the cell but, rather, measure their external levels through interactions with a periplasmic binding domain.
Stimulus information is conveyed across the membrane to the cytoplasmic domain, which in turn communicates with rotational switches at the flagellar motors to control the cell's swimming movements. Several cytoplasmic proteins, principally CheA and CheY, relay MCP signals to the flagella ( Fig.  1 ) (for review, see refs. 2 and 3) . CheA autophosphorylates at a His residue by using ATP as the phosphodonor and, subsequently, donates the phosphate group to an Asp residue in CheY. Phosphorylation of CheY induces a conformational change that enables it to interact with the flagellar switch and trigger clockwise rotation (tumbles or random turns), counterclockwise (forward runs) being the default state. Phospho-
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CheY is short-lived, decomposing through self-catalyzed hydrolysis and through a reaction augmented by another protein, CheZ. MCPs control the flux of phosphate groups through this signaling pathway by modulating CheA autophosphorylation rate in response to changes in ligand occupancy. An increase in attractant concentration causes inhibition of CheA and consequent smooth swimming, whereas a drop in attractant level stimulates CheA and initiates a tumbling episode.
Carbohydrate attractants such as mannitol, mannose, and glucitol are sensed by a very different mechanism. These compounds are transported into the cell by phosphoenolpyruvate (PEP)-dependent carbohydrate phosphotransferase systems (PTSs) (4) and somehow sensed as chemoeffectors during the uptake process (5, 6) . PTSs consist of membraneassociated substrate-specific enzymes II (EIIs) and a common cytoplasmic phosphodonor relay (Fig. 1 (8) .
The signaling connection between the PTS and MCP chemotactic pathways has long been a mystery. MCPs are not required for PTS chemotaxis, but CheA and CheY are required (9-11), suggesting that PTS signals elicit flagellar responses by modulating phospho-CheY levels, possibly through control of CheA activity (12) . E. coli has at least 15 Ells, each of which serves as the "chemoreceptor" for its transport substrates (7) . However, neither the binding of substrate to an ElI nor the generation of intracellular carbohydrate-phosphate nor its subsequent degradation is sufficient to trigger a chemotactic response (5, 6, 10, 13, 14) . In contrast, the common phospho-relay components El and HPr are necessary for uptake of all PTS carbohydrates and for chemotactic responses to them. Conceivably, the flagellar signal derives from an uptake-driven change in phosphate flux through these shared PTS components (6, 15 (6, 20) .
Protein Purifications. CheA was prepared from strain RP3098 carrying plasmid pKJP9 (pTM30 cheA). The cells were grown, harvested, and lysed as described (21) . Subsequent purification of CheA closely followed a published procedure (22) .
El was prepared from strain LLR101 (JWL184-1 Apts) carrying plasmid pBCP342ptsI. Cells were grown in L broth to midlogarithmic phase, induced with 1 mM isopropyl f3-Dthiogalactopyranoside for 90 min, harvested by centrifugation, resuspended in 10 mM potassium phosphate (pH 7.5), and broken by sonication. The El-containing cytoplasm was clarified by ultracentrifugation and El was purified essentially as described (23) . Active enzyme fractions were dialyzed against 10 mM potassium phosphate (pH 7.5) at 4°C for at least 5 h to eliminate PEP, then lyophilized, and stored at room temperature.
HPr was prepared from strain BL21(ADE3) carrying plasmid pHPR-2 (pT7-6ptsH). Cells were grown and harvested as in the EI purification above, with subsequent purification of HPr essentially as described (24) . Purified fractions were dialyzed, lyophilized, and stored at room temperature. FPr was similarly prepared from strain BL21(ADE3) carrying plasmid pFPR-2 (pT7-5 with thefruF gene of Salmonella typhimurium).
In this case, all solutions contained 1 mM p-methyltoluenesulfonyl fluoride because FPr is very sensitive to proteases. Purification followed a published procedure (25) . The HPrlike proteins pseudo-HPr (PHPr) and FHPr-1 (see Fig. 2 ) were purified in a similar manner through the gel-filtration step. PHPr was prepared from strain LLR20 [BL21(ADE3) Apts] carrying plasmid pPHPR-7 (pT7-7'fuF); FHPr-1 was prepared from LLR20 carrying plasmid pFHPR1-2 (pT7-6fruF'-ptsH fusion).
Enzyme Assays. EI activity was assayed by measuring the ability of El to stimulate mannitol phosphorylation by mannitol-specific EII (EIIMtl)-containing membranes (26) by using extracts from strain JWL191 (ptsl) (26) as the source of HPr and EIIMtl.
The ability of HPr, FPr, and HPr-like proteins to accept phosphate from purified El and PEP was measured by following PEP consumption with a lactate dehydrogenase test (23) . The ability of these proteins to donate phosphate to an EII was measured with in vivo transport assays (27) or with the mannitol phosphorylation assay, using extracts from JLV92 (ptsH) (15) (Fig. 2) , suggesting that HPr and PHPr differ mainly in amount of an activity needed for chemotactic signaling. A mutant HPr protein with a Pro --Glu replacement (HPr-Pl IE) was also specifically defective in chemotactic ability (Fig. 2) , whereas two other HPr mutants with partially impaired uptake of PTS substrates remained proficient in chemotactic signaling.
HPr has two phosphotransfer functions, either of which might be related to production of the chemotactic signal: (i) removal of phosphate groups from phospho-EI and (ii) donation of those phosphates to ElI molecules engaged in transport. We compared these two phospho-relay activities of HPr to those of the chemotaxis-uncoupled HPr-like constructs and mutant proteins listed in Fig. 2 (Fig. 2) , whereas those with partial or complete chemotaxis defects had reduced abilities to dephosphorylate EI. The phosphotransfer rates of the uncoupled proteins ranged from 40% to 60% of the HPr control. In contrast, phosphotransfer rates from the HPr-like proteins to EIIMtl were normal or above in three of the four uncoupled constructs and as low as 50% in the chemotaxis-positive controls.
These findings indicate that the ability of HPr-like proteins to generate a chemotaxis signal during uptake of PTS substrates is correlated with the rate at which they dephosphorylate El. Even a 2-fold reduction in that activity blocks production of a meaningful chemotaxis signal. If (Fig. 3) . The apparent rate of CheA autophosphorylation began to decline at a roughly 3-fold molar excess of El to CheA. At a 6-to 10-fold molar excess, El reduced the rate to a minimum of 10-20% of normal. As controls, we tested bovine serum albumin and HPr. Neither protein caused significant inhibition of CheA activity at molar ratios comparable to those that yielded the maximal El effect (data not shown).
Several results discount the possibility that phosphates are shunted from CheA to EI in these experiments. In the CheA autophosphorylation assays, there was no detectable transfer of 32p to either El or HPr (data not shown), consistent with a previous report (30) . In in vitro phosphorylation assays containing El, HPr, and EIIMtl-containing membranes, neither ATP nor ATP plus CheA yielded any detectable phosphorylation of the mannitol substrate (data not shown). We CheA activity was measured as described in Fig. 3 . The line connecting the data points was drawn by hand. unphosphorylated form of EI could be the signaling link between the PTS and MCP phospho-relay pathways. Tests with purified proteins revealed that unphosphorylated EI inhibited CheA autophosphorylation, whereas phosphorylated El did not. These findings suggest the following model for signal transduction in PTS-dependent chemotaxis (Fig. 5) . We propose that during uptake of a PTS carbohydrate through an ElI, EI is dephosphorylated more rapidly by HPr than it is phosphorylated at the expense of PEP. Consequently, unphosphorylated El builds up and in turn inhibits the autophosphorylation of CheA. This slows the flow of phosphates to CheY, eliciting an up-gradient swimming response by the cell.
The unusual nature of the El autophosphorylation reaction may be largely responsible for the proportional increase in unphosphorylated El molecules during PTS transport (Fig. 5) . Before using PEP for autophosphorylation, El subunits must dimerize. After phosphorylation, the dimers dissociate and Model of chemotactic signaling by the PTS phospho-relay. Uptake of PTS carbohydrates causes a rapid dephosphorylation of phospho-EI monomers through HPr. These monomers must dimerize in a slow (rate-limiting) process before they can be rephosphorylated at the expense of PEP. Rapid transport also causes a transient decrease in the PEP pool, further slowing the rephosphorylation of El. The consequent buildup of unphosphorylated El molecules inhibits the autophosphorylation activity of CheA, leading to a change in flagellar rotation. The stimulation of CheA activity by high levels of PEP could be a second cross-circuiting signal (hatched arrow). An uptakedependent drop in intracellular PEP level would reduce CheA activity, augmenting the inhibitory signaling effect of unphosphorylated El.
transfer phosphate to HPr as monomers. The obligate dimerization of El subunits prior to autophosphorylation appears to be the rate-limiting step in the EI phosphorylation cycle (32, 33) . Thus, rapid dephosphorylation by HPr would create within seconds a pool of unphosphorylated El monomers that are slow to rephosphorylate. The size of this pool, the PTS cross-circuiting signal, should be sensitive to changes in the EI to HPr phosphotransfer rate. Slower dephosphorylation of El would lead to fewer unphosphorylated molecules available for CheA control and could account for the inability of some HPr mutants and HPr-like proteins to generate a chemotaxis signal.
Cells presented with a PTS carbohydrate also experience a rapid decrease in PEP levels (31) . These transport-related changes in the intracellular PEP pool might contribute to the PTS signaling process in two ways (see Fig. 5 ). (i) A drop in PEP concentration would further slow the rephosphorylation of El, conceivably augmenting the strength and duration of CheA inhibition. (ii) We found that CheA was severalfold more active in the presence of PEP at .1 mM, so depletion of the PEP pool could directly slow the rate of CheA autophosphorylation by negating this stimulatory effect.
Behavioral Considerations. The MCP pathway shows highgain signaling, with concentration changes of <1% eliciting readily detectable flagellar responses (34) . PTS responses are 10-to 20-fold less efficient (5), but even so, is the observed inhibition of CheA by El sufficient for chemotactic signaling? The in vivo concentrations of CheA and EI are reportedly comparable (CheA = 2-4 ,tM; EI = 2-6 ,uM) (35, 36) , whereas a molar excess of El was needed to inhibit CheA autophosphorylation in vitro. Maximal inhibition required a roughly 10-fold excess of EI, a concentration ratio difficult to reconcile with in vivo measurements. The discrepancy between in vivo and in vitro conditions may be offset to some extent by molecular crowding inside the cell (33). Nevertheless, the maximum possible effect of El in vivo may be less than the 5-fold inhibition of CheA activity seen in vitro. Our model proposes that the proportion of El molecules in the unphosphorylated state, the CheA-inhibitory form, will vary with the concentration of transport substrate. The threshold concentration for chemotactic responses to PTS substrates is roughly 1 ,AM (5, 6) ; detection capability saturates at about 1 mM. If essentially all EI molecules are in the phosphorylated form at threshold and in the unphosphorylated form at saturation, the cell would have at most a 5-fold range of control over CheA activity (for reasons discussed above). However, the cells can respond chemotactically to roughly 10% differences in PTS substrate concentrations, so much smaller changes in CheA activity would need to produce significant changes in rotational bias of the flagellar motors. The computer program of Bray et al. (37) , which simulates the signaling reactions of the MCP pathway, predicts a steep dependence of rotational bias on CheA activity, largely because of the highly cooperative nature of the interaction between phospho-CheY and the flagellar switch. For example, a 5% deviation from the unstimulated CheA activity corresponds to a 4% change in bias, ample for chemotactic migration but less efficient than the bias changes produced by comparable MCP stimuli, which modulate CheA activity over a 100-fold range or more.
To track chemical gradients, E. coli must make temporal comparisons of chemoeffector levels as it swims about. Temporal sensing depends on an adaptation mechanism that cancels stimulus responses by resetting the detection threshold of the signaling system, enabling the organism to "forget" past environments. Cells adapt to MCP-detected stimuli by changing the methylation states of the signaling receptors (cf. ref. 1 ). Adaptation to PTS stimuli occurs through a methylationindependent process whose mechanism is unknown (9) (10) (11) . In terms of our model, adaptation could take place by restoring the prestimulus level of unphosphorylated El or by stimulating CheA to offset EI inhibition. Both mechanisms would come into play as soon as the PEP-generating machinery compensates for transport-imposed drains on phosphodonor levels (4, 38) . Alternatively, the build-up of pyruvate from PEP consumption could be a feedback signal for adaptation. It might accelerate PEP production or activate CheA or even enhance the switching behavior of the flagellar motors, as fumarate reportedly does (39) . Whatever the mechanism(s) involved, PEP metabolism may well play an important role in sensory adaptation to PTS stimuli (32) .
How Might El Inhibit CheA? Although there is no detailed structural information available for either protein, their overall domain organizations could accommodate several simple control strategies. The El molecule is composed of two domains, possibly joined by a flexible linker (40) . The N-terminal domain contains the site of autophosphorylation, His-189, and determinants for promoting phosphotransfer interactions with HPr. The C-terminal domain is probably involved in PEPbinding and dimerization. The CheA molecule has at least four functional domains with intervening linkers (41) 
